Cellular utilization of RNA interference (RNAi) as a mechanism to combat virus infection is thought to be restricted to plants and invertebrates. In vertebrates, antiviral defenses are largely dependent on interferons (IFNs), with the use of small RNAs restricted to microRNA (miRNA)-mediated targeting of host transcripts. Here we demonstrate that incorporation of a primary miRNA into a cytoplasmic virus results in the formation of a Dicer-dependent, DGCR8-independent, mature miRNA capable of conferring RNAi-like activity. Processing of the viral mirtron-like product (virtron) is indistinguishable from endogenous miRNA maturation and elicits post-transcriptional gene silencing, albeit at a reduced level. Furthermore, virtrons impose Dicerdependent, microprocessor-independent, and IFN-independent interference on virus replication in a sequence-specific manner. Taken together, these results suggest the existence of a noncanonical, small-RNA-based activity capable of processing cytoplasmic hairpins and perhaps contributing to the cell's antiviral arsenal.
INTRODUCTION
The generation of small RNAs is a pivotal intracellular defense against pathogens in a broad range of plants and a subset of invertebrates (Hutvagner and Zamore 2002; Reinhart et al. 2002; Umbach and Cullen 2009) . Generally referred to as small interfering RNAs (siRNAs), this class of RNA interference (RNAi) is generated by cytoplasmic RNA-dependent RNA polymerases (RdRp) that copy back long precursor double-stranded RNAs (dsRNAs) derived from the pathogen (Zamore et al. 2000) . This RdRpdependent dsRNA is then further modified to short RNAs of 20-25 nt in length through the processive activity of Dicer and used to mediate cleavage of the pathogen RNA from which it derived (Zamore et al. 2000) .
Despite the conservation of many components involved in the synthesis of siRNAs, the biological activity of small RNAs in vertebrates appears largely limited to the generation of microRNAs (miRNAs) (Ambros 2004) . Unlike siRNAs, miRNAs are processed directly from germline encoded transcripts generated predominantly from RNA polymerase II-derived noncoding or intronic RNA (Bartel 2004 ). For canonical miRNAs, initial processing of the primary miRNA (pri-miRNA) depends on the microprocessor, which consists of the RNAse III enzyme Drosha and the dsRNA-binding protein DGCR8 (Lee et al. 2003; Wang et al. 2008) . The microprocessor yields a 60-70-nt premiRNA, which is exported from the nucleus in an Exportin-5-dependent manner (Yi et al. 2003) and is further modified by Dicer, the same endoribonuclease enzyme used to generate siRNAs in other organisms Billy et al. 2001; Ketting et al. 2001; Knight and Bass 2001) . Dicer is thought to recognize the 2-nt 39-overhang of the pre-miRNA and make a single cleavage, z20 nt from the base of the stem, thereby generating a dsRNA duplex (MacRae et al. 2007) .
In addition to the canonical generation of pre-miRNAs, a very small subset of miRNAs, referred to as mirtrons, do not require the microprocessor as these are generated from very short introns by the spliceosome, are debranched, and then refold to form pre-miRNAs (Berezikov et al. 2007; Ruby et al. 2007 ). The pre-miRNA products are then exported to the cytoplasm in an Exportin-5-dependent manner (Okamura et al. 2007; Ruby et al. 2007 ). Mirtrons, like canonical pre-miRNAs, are Dicer-dependent but are DGCR8, and therefore microprocessor, independent (Berezikov et al. 2007; Ruby et al. 2007) .
Regardless of the source of the pre-miRNA, the Dicerdependent duplex, now containing 39-overhangs at both ends, is loaded into the RNA-induced silencing complex (RISC), where the thermal stability of each 59 end determines which strand is used as the guide strand and which one is discarded as the passenger or microRNA star strand (Khvorova et al. 2003; Schwarz et al. 2003; Wang et al. 2009 ). RISC, loaded with a mature miRNA, then binds to target messenger RNAs (mRNAs) through a 59-seed sequence generally encompassing bases 2-8 (Bartel 2009 ). Binding of the seed sequence to the 39-untranslated regions (UTRs) of mRNAs results in both translational repression and RNA destabilization through Glycinetryptophan protein of 182 kDa (GW182)-mediated deadenylation (Zipprich et al. 2009 ). While miRNA binding to the 39-UTR is the most common form of posttranscriptional gene silencing (PTGS), the open reading frame (ORF) can also be targeted (Chi et al. 2009 ). The PTGS activity of miRNAs is thought to fine-tune global transcription of a wide range of mRNAs, modulating each one no more than twofold to threefold (Selbach et al. 2008) .
Despite the presence of small RNAs in vertebrates, lack of an endogenous cytoplasmic RdRp prevents the production of bona fide siRNAs. Instead, vertebrates have evolved distinct pathogen recognition receptors (PRRs) to defend against viral replication. PRRs recognize distinct classes of viral replication intermediates, which, similar to invertebrate defenses, include the formation of foreign RNA nucleic acid structures (Iwasaki and Medzhitov 2010) . Detection of virus infection results in the synthesis of Type I interferons (IFN-I) and the up-regulation of more than 100 IFN-stimulated genes that confer viral protection (Garcia-Sastre and Biron 2006). The emergence of IFN-I-dependent antiviral activity has appeared to replace endogenous siRNA defenses some time during vertebrate evolution. However, even with this apparent loss of the intracellular siRNA utility, incorporating perfectly complementary artificial endogenous miRNA targets into viruses has been found to effectively inhibit replication in a similar manner to siRNAs, suggesting that perhaps vestigial aspects of this antiviral pathway still exist (tenOever 2009). Evidence of cross-talk between PRR-and RNAi-mediated antiviral defenses has also been directly demonstrated, as IFN-I can induce miRNA expression, altering both the cellular transcriptome and directly targeting virus replication (O'Connell et al. 2007; Pedersen et al. 2007 ). In addition, recent deep sequencing efforts have identified a number of small RNAs from cytoplasmic viruses, suggesting that the cell may be able to directly cleave viral genomic segments (Parameswaran et al. 2010) . To ascertain whether viral dsRNA still has the capacity to be processed by Dicer and used in an antiviral capacity in vertebrate cells, we engineered Sindbis virus to encode a pri-miRNA, thereby relieving the necessity for RdRp to produce dsRNA and generating both substrate and target for mediating antiviral activity.
RESULTS AND DISCUSSION
Sindbis virus-derived subgenomic pri-miR-124-2 induces cytoplasmic processing of miR-124
In an effort to determine the consequences of grafting a primiRNA locus into a virus that replicates exclusively in the cytoplasm, we inserted the mmu-miR-124-2 pri-miRNA locus into an extra, nonessential subgenomic fragment of Sindbis virus ( Fig. 1A ; Cheng et al. 1996) . miR-124 is produced through canonical processing (Babiarz et al. 2008) and is endogenously expressed to high levels in neuronal tissue (Makeyev et al. 2007 ). In addition, artificial production of miR-124 has been demonstrated when cloned as an intron of a plasmid or when inserted into the genome of influenza A virus .
Insertion of the putative RNA hairpin did not prevent generation of recombinant virus by plasmid rescue as both control Sindbis (SV) and the miR-124-2 encoding virus (SV124) propagated to stock titers of z1310 7 pfu/mL plaque forming units (pfus) per milliliter (data not shown). To ascertain whether SV124 produced any small RNAs derived from the putative stem-loop, we infected fibroblasts at a high multiplicity of infection (MOI of 5) for 4, 8, 12, 24, and 36 h (Fig. 1B) . RNAs of <150 nt were subsequently analyzed by small RNA Northern blot (Pall and Hamilton 2008 ) and compared to mock treatment, SV infection, and the transfection of a miR-124-producing plasmid (p124). Surprisingly, SV124 produced abundant levels of both a 60-nt pre-miRNA and an z20-nt mature miR-124. The levels of both the pre-miR-124 and miR-124 were comparable to that observed from plasmid-based overexpression as early as 4 h post-infection (hpi) and were maintained for the duration of the infection. Furthermore, the levels of Sindbis core protein were comparable between SV and SV124, suggesting no obvious replicative defects in human fibroblasts. In addition, confocal microscopy demonstrated robust cytoplasmic replication of both SV and SV124 with near 100% cell infectivity (Fig. 1C) .
The comparable levels of core protein and cell infectivity strongly suggest that the addition of the pri-miR-124 locus has minimal impact on the overall viral life cycle. This result is surprising given that the predicted formation of the z50-nt stem-loop could potentially result in steric hindrance on the viral RdRp, processing of the hairpin, and cleavage of genomic material, and/or that the dsRNA motif formed by the virus could serve as a pathogen-associated molecular pattern (PAMP). Based on the comparable properties of the viral recombinants, it appears that a viral protein prevents the formation of the genomic hairpin and/or that the viral RdRp can dissolve the structure during replication. Furthermore, similar levels of core protein suggest miRNAmediated self-targeting does not occur in the context of immortalized human fibroblasts.
SV124 produces Dicer-dependent, Exportin-5-independent, cytoplasmic miR-124 and miR-124-like small RNAs Given the cytoplasmic localization of SV124, the appearance of an z60-nt pre-miRNA (Fig. 1B) suggests that either the Sindbis-derived subgenomic pri-miR-124 translocates to the nucleus, where it is trimmed by the microprocessor, or that a noncanonical cytoplasmic-based, microprocessorindependent mechanism is responsible for Sindbis-generated miRNAs. To ascertain whether Sindbis-derived miR-124 undergoes canonical miRNA processing, we infected wildtype murine fibroblasts and compared the RNA from these infections to identical treatments performed in fibroblasts lacking Dicer (Fig. 2A) . Following 24 h of infection, wildtype murine fibroblasts demonstrated robust synthesis of the neuronal-specific miR-124 from SV124 infections. Sindbis-derived miR-124 was dependent on Dicer activity as cells not expressing the endoribonuclease, as a result of disruption in the Dicer gene (Dcr1), demonstrated a complete loss of both SV-derived miR-124, as well as endogenous miR-93.
We next determined whether Exportin-5 was required for Sindbis-mediated miR-124 production. As Exportin-5 has been found to be essential for the nuclear export of all endogenous miRNAs (Yi et al. 2003) , we reasoned that, if the Sindbis-derived miR-124 mRNA was processed in the nucleus, it would be reduced or eliminated by the knockdown of Exportin-5. To this end, we treated human fibroblasts with scrambled RNAi (Scbl) or a pool of RNAi targeting the transcript of the Exportin-5 gene (Xpo5) (Fig.  2B ). Forty-eight hours post-transfection (hpt), we found that Exportin-5 siRNA pools effectively eliminated Exportin-5 protein expression and subsequently infected cells with SV or SV124. Twenty-four hours post-infection, total RNA was collected, and subsequent small RNA Northern blot revealed no change in Sindbis-derived levels of miR-124, suggesting that the miR-124 was not of nuclear origin.
To better define the characteristics of the noncanonical Sindbis-generated cytoplasmic miR-124, we analyzed the small RNA pool from cells infected with SV124 (Fig. 2C) . Small RNAs between 17 and 25 nt were isolated and ligated with 59 and 39 linkers sequentially. Linker-specific reverse transcription was performed, and subsequent PCR amplification was executed with 59-pre-miR-124-and 39-linkerspecific primers or vice versa, in an effort to sample the miR-124 and miR-124-like products without bias. Analysis of more than 50 individual clones demonstrated that while 50% of the Sindbis-derived miR-124 sequences matched perfectly to endogenous miR-124, 44% demonstrated some degree of 39 heterogeneity.
Taken together, the dependence on Dicer, the high percentage of aberrant 39 processing, and the independence on Exportin-5 suggest that Sindbis-derived miR-124 represents an uncharacterized cellular pathway capable of processing hairpin RNA.
Sindbis-derived miR-124 is a DGCR8-independent, functional microRNA
To explore the molecular nature of Sindbis-derived miR-124, we infected wild-type murine fibroblasts and compared the RNA from these infections to identical treatments performed in fibroblasts lacking either Dicer, DGCR8, or the IFN-I receptor component IFNAR1 (Fig.  3A) . Following 24 h of infection, wild-type murine fibroblasts demonstrated robust synthesis of miR-124 specifically from SV124 infections. As previously shown ( Fig. 2A) , Sindbis-generated miR-124 is dependent on Dicer activity; however, synthesis of Sindbis-derived miR-124 was not dependent on DGCR8, the essential RNA-binding component of the microprocessor. This is in contrast to endogenous miR-93; as in cells lacking Dicer, deletion of DGCR8 results in a complete loss of the endogenous miRNA. Lastly, we determined whether the DGCR8-and Exportin-5-independent generation of Sindbis-derived miR-124 required an antiviral-specific component. For this, we infected cells lacking a functional IFN-I receptor. These cells, similar to loss of DGCR8 or Exportin-5, demonstrate robust miR-124 synthesis with no evidence of cross-talk between the observed noncanonical processing and the cell's autonomous antiviral defenses.
To determine whether Sindbis-derived miR-124 was functional, we transfected an artificial construct in which the green fluorescent protein (GFP) included a 39-UTR with tandem repeats of the reverse complement of miR-124 (GFP_miR-124t), thereby making it susceptible to PTGS activity (Fig. 3B) . Transfection of GFP_miR-124t resulted in robust GFP expression in the absence of any other treatment. In contrast, p124 induced PTGS of GFP_miR-124t to a level below Western blot detection. Furthermore, whereas treatment with SV resulted in a general decrease in host protein synthesis, a common attribute amongst alphaviruses, this effect was significantly enhanced by the production of Sindbis-derived miR-124, suggesting that virus-produced miR-124 was capable of inducing PTGS.
The generation of miR-124, coupled with robust viral replication, suggests that miRNA processing is limited to the subgenomic mRNA transcript rather than directly from the genomic RNA. However, how this pri-miRNA z500-nt transcript, which would contain a 59 cap and a 39 polyadenylated tail, is processed in the cytoplasm remains unknown. DGCR8 independence and Dicer dependence is reminiscent of previously identified mirtrons (Berezikov et al. 2007; Ruby et al. 2007 ). Furthermore, the levels of 39 heterogeneity of Sindbis-derived miR-124 are comparable to that of miR-344, miR-668, and miR-702, three mirtrons previously identified from cells lacking DGCR8 (Babiarz et al. 2008) . In contrast, Exportin-5 independence, over-all GC content, and the hairpin end structures of Sindbis-derived miR-124 do not conform to the attributes of previously characterized endogenous mirtrons. For this reason, virus-produced mirtron-like products (herein referred to as virtrons) seem to represent a novel cytoplasmic pathway capable of producing functional small RNAs. Future efforts will need to focus on the molecular mechanisms by which virtrons are processed, allowing for PTGS activity.
Virtrons mediate limited Dicer-dependent self-targeting
As processing of the Sindbis virtron in many ways mimics the antiviral response in invertebrates, we investigated whether Sindbis-derived miR-124 could be generated by Dicer and used in an antiviral capacity in vertebrate cells. While we observed no evidence of attenuation in immortalized human fibroblasts, rapid replication in these cells in response to infections performed at high MOIs may have masked this phenotype. We therefore compared the viral replication properties of SV and SV124 in wild-type (WT), Dcr1 À/À , and Ifnar1 À/À fibroblasts at a low MOI (Fig. 4A ). While both SV and SV124 infections amplified to high titers in WT cells by 48 hpi, SV124 demonstrated an z2 log attenuation (p = 0.008). This attenuation was not the result of steric hindrance on the RdRp or increased PAMP production as the levels between SV and SV124 were not significantly different in Dicer knockout cells (p = 0.164) but still maintained a 1 log difference in the absence of IFN-I signaling (p = 0.015).
To demonstrate that miR-124 could, in fact, be used to target virus directly, we transfected fibroblasts with vector alone or p124 and subsequently mock-treated or infected these cells with SV or SV124 (Fig. 4B) . While expression of plasmid-derived miR-124 had no impact on SV core levels, SV124 protein was reduced by 5.8-fold. miR-124 targeting of SV124 likely occurs at the level of the negative strand (À) genome as the mean free energy (mfe) of the miR-124 target on the genome is only À24.9 kcal/mol and does not contain a seed sequence >6 nt (Fig. 4C) . This is in contrast to the (À) genome, which has a perfect miR-124 target and an mfe of À45.1 kcal/mol.
The emergence and proficiency of PRRs in vertebrates have led to the evolutionary profitable replacement of RNAi-mediated defenses. The processing and functionality of a cytosolic RNA hairpin may, however, suggest that remnants of this system are sill intact, albeit functioning at a diminished level when compared to its invertebrate predecessor. Given that virtrons essentially result in a level of self-targeting, it is unlikely that they represent bona fide viral products. The natural production of virtrons, if in existence, would therefore more likely represent viral by-products of the cell. While this idea is exciting, clearly more extensive research will be needed to determine whether virtrons represent a novel ''antique'' antiviral pathway and how utilized they are in the cell's antiviral arsenal.
MATERIALS AND METHODS
Cell culture and RNA interference HEK293, Vero, BHK21, and murine fibroblasts were cultured in DMEM media supplemented with 10% Fetal Bovine Serum and 1% penicillin/streptomycin. Dicer-deficient fibroblasts were a kind gift from A. Tarakhovsky (Rockefeller University, NYC) and Donal O'Carrol (EMBL, Monterotondo). DGCR8-deficient fibroblasts were a kind gift from Robert Blelloch (UCSF, CA). RNA interference was performed using pools of scrambled oligonucleotides generated against GFP or human Exportin-5 (Santa Cruz Biotechnologies, sc-45924 and sc-45569). One hundred micromolar RNA oligonucleotide pools were transfected into HEK293 cells in suspension with Lipofectamine 2000 (Invitrogen). Cells were harvested for confirmation of knockdown at 48 and 96 h post-transfection. 
Virus design, rescue, and infections
The modified Sindbis viruses described were generated by cloning the miR-124-2 murine locus (chr3:17,695,454-17,696,037) into the Sindbis virus clone TE12Q, a genetically modified strain that contains a duplicate subgenomic mRNA promoter and a unique BstEII cloning site downstream from the structural genes. The primiR-124-2 and the TE12Q constructs have all been described elsewhere (Cheng et al. 1996; Perez et al. 2009; Varble et al. 2010) . miR-124 inserts were amplified using previously described primers flanked with BstEII linkers and were cloned directly into the SP6-based DNA plasmid. Viral RNA was subsequently transcribed using the mMessage mMachine SP6 Kit (Ambion) and electroporated into BHK21 cells using AMAXA as per the manufacturer's instructions. Viral infections were performed at the multiplicity of infections (MOIs) specified. Virus was inoculated into indicated cell lines containing serum-free DMEM for 1 h. Inoculum was then aspirated off and replaced with complete medium for the indicated times. Multicycle growth curves were performed in wild-type murine fibroblasts, or fibroblasts lacking functional Dicer or IFNAR1. Briefly, cells were infected with Sindbis virus recombinants at an MOI of 0.1, and 0.25 mL of supernatant was removed at the indicated times. Supernatant was plaqued in Vero cells in serial dilutions in triplicate in 1% methylcellulose. Plaques were counted after 3 d post-infection. P-values were calculated based on a two-tailed t-test. Error bars represent the standard deviation (n=3).
Small RNA Northern blot and PTGS analyses
Small RNA Northern blots and probe labeling were performed as previously described (Pall and Hamilton 2008; Perez et al. 2010) . The probes used include anti-miR-124: 59-TGGCATTCACCGCG TGCCTTAA-39; anti-miR-93: 59-CTACCTGCACGAACAGCACT TTG-39; and anti-U6: 59-GCCATGCTAATCTTCTCTGTATC-39. GFP_124t cloning and usage have been described elsewhere ).
Western blot analysis
Western blots were generated from total protein separated on a 10% SDS-PAGE gel. Resolved protein was transferred to nitrocellulose (Bio-Rad), blocked for 1 h with 5% skim milk at 25°C, and then incubated with the indicated antibody overnight at 4°C. The Sindbis core antibody (ATCC, VR-1248AF), Exportin-5 (Santa Cruz Biotechnologies, sc-66885), and GFP (Santa Cruz Biotechnologies, sc-73556) antibodies were used at a concentration of 1 mg/mL in 5% skim milk. Secondary mouse and rabbit antibodies (GE Healthcare) were used at a 1:5000 dilution for 1 h at 25°C. Immobilon Western Chemiluminescent HRP Substrate (Millipore) was used as directed.
miR-124 cloning and sequencing miR-124-specific small RNA libraries were generated as previously described (Pfeffer et al. 2005) . Briefly, total RNA from indicated samples was isolated using TriZol (Invitrogen) and spiked with radiolabeled size markers (19-and 24-nt oligoribonucleotides: 59-CGUACGGUUUAAACUUCGA-39 and 59-CGUACGGCCUAA ACUUCGAAAUGU-39) prior to size fractionation on a 12% denaturing Tris-urea gel. Adenylated 39 adapter oligonucleotides (59-AppCUGUAGGCACCAUCAAU-39) were ligated onto the isolated small RNA species using T4 RNA ligase 2, truncated (NEB). Following size fractionation of ligated products, 59 adapter oligonucleotides (59 adapter: 59-ACACUCUUUCCCUACACG ACGCUCUUCCGAUC-39) were added using T4 RNA ligase (Ambion). The final ligation products were reverse-transcribed with the 39 adapter primer 59-ATTGATGGTGCCTACAG-39 using Superscript III (Invitrogen). To PCR-amplify the 59 ends of miR-124 transcripts, a primer pair consisting of a 59 adapter primer (59-AATGATACGGCGACCACCGAACACTCTTTCCCTACACG ACG-39) and a reverse miR-124 primer (59-GGCATTCACCGCG TGCCT-39) were used. Similarly, the 39 ends of miR-124 transcripts were amplified using the 39 adapter primer (59-ATTGATGGTGCC TACAG-39) and a forward miR-124 primer (59-TAAGGCACGCG GTGAATG-39). PCR products were purified (QIAGEN) and cloned into the commercial pCR-TOPO (Invitrogen) vector following the manufacturer's protocol. Individual colonies were analyzed for differential small RNA processing of 59 and 39 ends of mature mmumiR-124-2.
Immunofluorescence
Cells were fixed on glass coverslips by incubating with 4% formaldehyde overnight at 4°C. Following two PBS washes, cells were permeabilized with 0.5% NP-40 detergent in PBS for 10 min and immediately washed two additional times. The cells were then blocked with a 0.5% bovine albumin solution (BSA) in PBS for 30 min at room temperature. Primary antibody was incubated for 2 h at room temperature at a 1:500 concentration. The polyclonal Sindbis antibody was purchased from ATCC as Sindbis Ascitic Fluid (VR-1248AF). Following four washes in 0.5% BSA in PBS, cells were incubated with secondary, Dylight488 (Jackson ImmunoResearch), at 1:750 for 1 h with Hoechst 33342 dye (Invitrogen) added with 15 min remaining. Following four washes, coverslips were mounted on glass slides with Prolong Gold Antifade (Invitrogen). Images were captured with the Leica TCS SP5 DMI microscope at 603 magnification.
